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NOTICE 

This r e p o r t  was prepared as an account of Government sponsored 
work. Nei ther  the Uni ted States, nor the  Nat ional  Aeronautics 
and Space Admin is t ra t ion (NASA), nor any person ac t i ng  on 
behal f  o f  NASA: 

A . )  Makes any wdrranty o r  representat ion,  expressed o r  
imp1 ied, w i t h  respect t o  the accuracy , completeriess , 
o r  usefulness of the  in fo rmat ion  contained in t h i s  
repor t ,  o r  t h a t  the use o f  any informat ion,  apparatus, 
method, o r  Drocess disclosed i n  t h i s  repo r t  may no t  
i n f r i nge  p r i v a t e l y  owned r i g h t s ;  o r  

B.) Assumes my l i a b i l i t i e s  w i t h  respect t o  the use of, 
o r  f o r  damages resu l t i ng  from the use o f  any i n f o r -  
mation, apparatus, method o r  i rocess d isc losed i n  
t h i s  repor t .  

As used above, "person ac t ing  on beha l f  o f  NASA" inc ludes 
any employee 3 r  contractor  o f  NASA, o r  employee o f  such con- 
t rac to r ,  t o  the extent  t h a t  such employee o r  cont rac tor  o f  NASA, 
o r  employee of such contractor  prepares , disseminates, o r  
provides access to ,  any i r l f omat ion  pursuant t o  h i s  employment 
o r  cont ract  w i t h  NASA, o r  h i s  employment w i t h  such contractor .  
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6 Abstract 

This report describes tro investigatory studies on perfornunce characteristics of rloble- 
m t a l  thenmcouples: (I) therrrPclectric stability as affected by preferential c .idation 
of iridium in the system iridiun-40% rhodium versus iridium, and (2) the effects of tem- 
perature gradients on the emf stability of the systems platinuwl3t rhodium versus plati- 
nwn and iridium-40t rhodium versus iridium. operating in air. 

The stability investigation was carried out at three tcapcraturcs - 1700. 1850. and 2000.C 
-by canparing the Output of the test th~f!tocWple in air with the output of an identically 
constructed reference thermocouple in nitrogen. The results show that no calibration shift 
was observed producing a change in output greater than that corresponding to a 2.0% change 
in the indicated temgcrature for a11 samples tested. 

The investigatim of gradient effects w s  carried wt by subjecting test thermcouples to 
both severe and mild gradients for periods up to 200 hours. For the platinum system, the 
operating temperature was 1500'C with gradients of 1:;s and 73C';:c~; for the iridium sys- 
tem. ZOOO'C with gradients of 700. 1500, and 1975'C/c(n. Exporure to temperature gradients 
was found to introduce significant changes in calibration for both s y s t e m s .  

In both investigations, the thermoelements were examined by means of electron-probe 
analysis and by metallographic methods to detect chemical and structural changes. Data 
and micrographs are presented. 
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STUDIES OF NOBLE-METAL THERMOCOUPLE STABILITY AT HIGH TEMPERATURES 

SUMMARY 

This repor t  describes two inves t iga tory  s tud ies on performance character-  
i s t i c s  of  noble-metal thermocouples: ( 1 )  thermoelect r ic  s t a b i  1 i t y  as 
a f fec ted  by p r e f e r e n t i a l  o x i d a t i o n  of i r i d i u m  in  the system ir idium-40% 
rhodium versus i r id ium, and (2 )  the e f f e c t s  of  temperature gradients  on 
the performance o f  the systems plat inum-l3% rhodium versus p la t inum and 
ir idium-40% rhodium versus i r id ium,  operat ing i n  a i r .  

P r e f e r e n t i a l  Oxidat ion 

The s t a b i i i t y  i n v e s t i g a t i o n  was c a r r i e d  out  a t  three temperatures - 1700, 
1850, and 2000°C - by comparing the output  o f  the t e s t  thermocouple i n  
a i r  w i t h  the output  o f  an ident  c a l l y  constructed reference thermocouple 
in  ni t rogen. A l l  thermocouple eference junc t ions  were maintained a t  
0°C. 
i n  t e s t  c e l l s  incorporated i n  a high-temperature furnace and designed so 
t h a t  the thermocouple hot  j u n c t  ons would be i n  an isothermal zone. The 
r e s u l t s  shok that  no c a l i b r a t i o n  s h i f t  was observed producing a change i n  
output greater  than t h a t  corresponding t o  a 2.0% change i n  the ind icated 
temperature f o r  a i l  samples l i s t e d .  The changes i n  c a l i b r a t i o n  were found 
to be a f fec ted  by t e s t  temperature, dura t ion  o f  exposure t o  elevated tem- 
pe r a t  u re, and t hermoe 1 emen t d i ame t e r  . 

The t e s t  thernlocouple and the reference thermocouple were mounted 

Observat ions tended t o  conf i r m  t h a t  changes i n  c a l  i b r a t  ion r e s u l t  i'r ;n 
p r e f e r e n t i a l  ox ida t ion  o f  the i r i d i u m  component of  the a l l o y  elemenL. 
The r e s u l t s  of metal lographic s tud ies and q u a l i t a t i v e  chemical analyses 
o f  sample lengths from exposed and unexposed thermoelements tend t o  cor-  
roborate t h a t  t h i s  mechanism i s  responsible. Observations showed tha t  
the a l l o y  elements experienced considerable g r a i n  growth a f t e r  thermal 
exposure and became b r i t t l e .  I t  should be noted t h a t  these s tud ies a l s o  
revealed the presence o f  s i l i c o n ,  which, a c t i n g  as a contaminant, might 
have contr ibuted i n  p a r t  t o  the observed changes i n  thermocotiple c a l i b r a -  
t i on .  

Gradient Ef fects  

The i n v e s t i g a t i o n  o f  gradient  e f f e c t s  on thermocouple emf s t a b i l i t y  was 
c a r r i e d  out  by sub jec t ing  t e s t  thermocouples t o  both severe and m i l d  gra- 
d ien ts  f o r  per iods of up t o  200 hours i n  an a i r  atmosphere. For the severe- 
gradient t e s t ,  platinum-13% rhodium versus p la t inum thermocouples were ex- 
posed t o  a gradient  o f  1475"C/cm w i t h  the measuririg j u n c t i o n  a t  1500°C. 
A water-cooled thermocouple mount was used t o  achieve t h i s  gradient .  
the mi ld-gradient  t e s t ,  thermocouples o f  the same system mounted i n  an 
i n s u l a t i n g  sleeve were exposed t o  a gradient o f  700"C/cm, w i t h  the junc-  
t i o n  a t  1500°C. The i n v e s t i g a t i o n  was successfu l ly  extended t o  the h igher  
j u n c t i o n  temperature o f  ZOOO'C f o r  the i r id ium-40% rhodium versus i r i d i u m  
thermocouple system, and thermocouples o f  t h i s  system were exposed t o  gra- 
d ien ts  o f  1975, 1500, and 7OO"C/cm. Thermocouple reference junc t ions  were 
maintained a t  0°C. 

For 
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A Nd:YAC laser was used for a l l  tests as the heat source to ra ise  the 
thermocouple junct ion temperature t o  e i ther  I500 or 2000°C. Thermocouple 
wire sizes selected fo r  tes t  had dianeters o f  0.25, 0.51, and 0.81  mm. 
Thermocouple junctions were formed i n t o  e i t he r  s t i r rup- type or wedge-type 
configurations, as appropriate. 

Heasurements indicate the e f fec ts  o f  temperature gradients on thermocouple 
output are sizable, i.e., exceeding a change i n  output corresponding t o  a 
2.0% change i n  the tes t  temperature. The tes t  resu l ts  indicated that  the 
ca l i b ra t i on  s h i f t s  observed a f t e r  exposure were affected by junc t ion  con- 
f igurat ion,  wire diameter, and gradient. 

Heta l lurg ica l  and chemical tests  were made on selected sample lengths 
from exposed and unexposed thermoelements. 
served i n  the composition of  the a l l o y  elements of  both th-rmocouple sys- 
tems. These changes are o f  s u f f i c i e n t  magnitude t o  account for the c a l i -  
brat ion changes measured, but fu r ther  work i s  required t o  demonstrate a 
one-to-one correspondence between composition change and ca l  i b ra t  ion s h i f t .  

S ign i f i can t  changes were ob- 
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1 . INTRODUCTION 

Noble-metal thermocouples used t o  measure temperatures of exhaust gases i n  
advanced propuls ion systems are  subject  t o  a number of  e f f e c t s  r e s u l t i n g  
from the  s e v e r i t y  of the  operat ing environment t h a t  tend to degrade thermo- 
couple performance. Three such e f f e c t s  have been inves t iga ted  a t  the request 
of  and w i t h  sponsorship by the Nat ional  Aeronautics and Space Admin is t ra t ion  
Lewis Research Center. Two of  these inves t iga t ions  (NASA Contract Order Num- 
ber C-67546-B, Mod i f i ca t ion  5, September 26, 1972) a r e  repor ted here-  ( 1 )  
thermoelect r ic  s t a b i l i t y  as a f f e c t e d  by p r e f e r e n t i a l  ox ida t ion  o f  i r i d i u m  
i n  the system ir idium-40% rhodium versus i r i d i u m  and (2) the e f f e c t s  of  tem- 
perature gradients on the performance o f  the systems platinum-13% rhodium 
versus p la t inum and i r id ium-40% rhodium versus i r id ium,  operat ing i n  a i r .  
(The t h i r d  i n v e s t i g a t i o n  concerned c a t a l y s i s  e f f e c t s .  [l]") 

The s t a b i l i t y  study WJS conducted i n  accordance w i t h  the f o i l o w i n g  guide l ines:  

1 .  

2 .  

3 .  

4. 

5. 

The thermocouple system t o  be s tud ied i s  to  cons is t  o f  a 
p o s i t i v e  component o f  60% i r id ium,  40% rhodiun pa i red  w i t h  
a nega t I ve component o f  i r i d i urn ( i r i d  i ~ ~ 4 0 %  rhod i um versus 

A determinat ion i s  t o  be made of  the change i n  c a l i b r a t i o n  
o f  a thermocouple as a r e s u l t  of  p r e f e r e n t i a l  o x i d a t i o n  of 
the i r i d i u m  cons t i tuent  i n  the a l l o y  thermoelement ( i r i d i u m -  
40% rhodium) as a r e s u l t  o f  exposure t o  long-term heat ing.  

The t e s t s  are t o  be made a t  the highest temperature a t t a i n -  
ab le  up t o  2000°C. 

I n  order  t o  maximize the r a t i o  o f  sur face area t o  cross- 
sec t iona l  area, the t e s t s  are t o  be conducted w i t h  thermo- 
couple wires of  the smal lest  p r a c t i c a l  diameter a v a i l a b l e  
w i t h  re1 iab le  c a l  i b r a t i o n  data.+ 

The t e s t  dura t ion  i s  t o  be 1000 hours o f  exposure t o  h igh  
temperature, o r  the t ime required f o r  a c a l i b r a t i o n  d r i f t  
equal t o  the change i n  thermocouple output  (thermal emf) 
correspondina t o  a 2.0% change i n  t e s t  temperature, o r  
u n t i l  f a i l u r e  of  the sample. 

i r i d i um:k:\) . 

The gradient  study was conducted i n  accordance w i t h  s p e c i f i c  gu ide l ines,  
w i t h  mod i f i ca t ions  suggested by e a r l y  work and agreed t o  by the sponsor. 
The guide l ines as rev ised f o l l o w :  

1 .  The thermocouple system t o  be used i n  gradient  t e s t s  i s  t o  
consis t  o f  a p o s i t i v e  component of 87% plat inum, 13% rhodium 
pai red w i t h  a negat ive component o f  p la t inum (platinurn-13% 

j: 
Figures i n  brackets r e f e r  t o  references i n  sect ion 5. 

I n  t h i s  convention f o r  i d e n t i f y i n g  thermocouple systems, the p o s i t i v e  
element i s  given f i r s t .  

"Rel iable" i n  the sense t h a t  composit ion i s  homogeneous along the length 
o f  the w i re .  

.L J, *. .. 
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2. 

3 .  

4. 

rhodium versus platinum) w i th  the hot junc t ion  to be a t  
1500°C i n  a i r .  ! f  s ign i f i can t  ca l i b ra t i on  changes are 
found, fur ther  tests are to be cotiducted w i th  the system 
iridium-40% rhodium versus i r id ium i n  a i r  w i t h  the not 
Junction a t  tho highest temperature a t ta inab le  up to 2000°C. 

A comparison i s  t o  be made of the ef fect  OR thermocouple 
ca l ib ra t ion  o f  a severe temperature gradient t o  that  o f  a 
mi ld  temperature gradient, w i th  the hot junct ion a t  the 
same temperature i n  both instances. The speci f ied system 
i s  t o  be platinum-13% rhodium versus platinum. 

Studies are to be made w i th  thermocouples constructed from 
wires of the smallest diameter practicable, w i t h  an a i r  
atmosphere, and a t  a gas pressure o f  one atmosphere ( I O 5  Pa). 

Test durations are t o  be 200 hours of exposure a t  1500°C 
(or a t  2000°C For the i ridium-rhodium system), or the time 
required fo r  a ca l i b ra t i on  d r i f t  equal t o  the change in 
thermocouple output corresponding to a 2.0% change i n  tes t  
temperature, or u n t i l  f a i l u r e  o f  the sample. 

The number o f  tes t  samples used i n  both studies was l imi ted.  Analysis of the 
data y ie lds resul ts  that may be used as guidelines f o r  est imating the magni- 
tude of the measurement er rors  that  would occur w i th  exposure o f  thermocouples 
composed of the systems used i n  these studies t o  conditions s imi la r  t o  the 
tes t  cond i t ions . 

2. THERMOELECTRIC STABILITY OF THE IRIDIUM-40% RHODIUM 
VERSUS I R I D I U M  THERMOCOUPLE 

2.1 Background 

Feussner i n  1933 [2]  propost:d the use o f  iridium-rhodium versus i r id ium 
thermocouples "for very hig!i temperature.'' Thermocouples o f  these materials 
appeared su i tab le fo r  use aL rent,>eratures up t o  20OO0C, in  ox id iz ing  media. 
Several a l l o y  combinations were l a t e r  proposed by various experimenters for 
the pos i t i ve  component, w i th  the greatest in terest  being shown i n  ir idium- 
rhodium a l loys  containing 40, 50, and 60% rhodium. Thermal emfs o f  thermo- 
couples made from wires of  these compositions versus i r i d ium do not d i f f e r  
widely as a function o f  temperature. The output o f  iridium-50% rhodium 
versus i r id ium i s  s l i g h t l y  greater than that o f  e i t he r  iridium-402 rhodium 
or iridium-60% rhodium versus i r i d i u m .  Carter [3]  predicted tha t  exposure 
t o  oxygen-rich gases a t  high temperatures would v o l a t i l i z e  i r id ium prafer- 
entia1 Iy from the iridium-rhodium a1 loy ,  which would become r e l a t i v e l y  r i cher  
i n  rhodium. A change i n  thermocouple emf resul ts  from the loss of i r id ium 
f,-om the iridium-40% rhodium a l l oy  and reaches a maximum when the composition 
becomes iridium-50% rhodium. Additional loss o f  i r id ium s l i g h t l y  decreases 
the thermocouple output, and thus the output o f  iridium-40% rhodium versus 
i r id ium remains more nearly i n  ca l i b ra t i on  fo r  a longer t i m e  o f  exposure to  
high temperatures i n  the presence c f  oxygen than that  o f  the other camnon 
thermocc o le  systems based on iridium-rhodium a l loys.  It i s  a lso expected 
that  the high-temperature l i m i t  w i l l  be sq,mewtiat greater f o r  tho al loy  con- 
ta in ing  more i r id ium because of i t s  higher melt ing temperature. 
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I There i s  l i t t l e  in format ion ava i l ab le  on the c a l i b r a t i o n  d r i f t  o f  thermo- 
couples o f  ir idium-rhodium a ' l oys  versus i r i d i u m  i n  o x i d i z i n g  atmospheres. 
The s tud ies o f  Rudni tshk i i  and Tyur in  141 repor ted changes i n  thermal emfs 
f o r  the i r id ium-60% rhodium versus i r i d i u m  system f o r  an exposure o f  10 hours 
a t  1800°C. The t o t a l  change d i d  no t  exceed a change i n  output corresponding 
t o  a change o f  0.8% i n  the measured temperature. A leksa l in  e t  a l  [SI ob- 1 

served tha t  "at 20OO0C the i ridium-60% rhodium versus i r i d i u m  thermocouple 
al lows us w i t h  s u f f i c i e n t  accuracy to measure the temperature, a t  l eas t  
b r i e f l y ,  for a per iod of  10-20 hours." 

3 1 

2.2 Summary of Test Method 

The s t a b i l i t y  i nves t i ga t i on  was c a r r i e d  out  a t  three temperatures - 1700, 
1850, and 20OO0C - by comparing the  output  of the t e s t  thermocouple i n  a i r  
w i t h  the output  of an i d e n t i c a l l y  constructed reference thermocouple in 
n i t rogen . 
The thermocouple under t e s t  and the reference thermocouple were mounted i n  
t e s t  c e l l s  incorporated i n  a high-temperature furnace i n  such a manner t h a t  
both thermocouple hot  junc t ions  were i n  an isothermal zone. The design o f  
the furnace was intended t o  provide a gas f l ow  through the t e s t  c e l l s  suf -  
f i c i e n t  t o  prevent any s i g n i f i c a n t  impur i ty  concentrat ion from developing 
around the t e s t  thermocouples. The n i t rogen  used was c e r t i f i e d  by the 
supp l ie r  t o  conta in  less than 2.0% oxygen by weight. The a i r  was c e r t i -  
f i e d  t o  contain a t o t a l  hydrocarbon leve l  o f  less than 0.5 ppm. The outputs 
of t e s t  and reference thermocouples were measured po ten t iomet r ica l l y ,  and 
the c a l i b r a t i o n  change (a lso  re fe r red  t o  as ''thermal emf d r i f t " )  was c a l -  
cu l ated . 
2.3 Apparatbs 

Figure 1 i s  an o v e r a l l  view o f  the s t a b i l i t y - t e s t  apparatus. The cabinet 
on the  l e f t  housed cont ro ls  f o r  the spec ia l l y  co1:jtructed furnace which 
contained the thermocouple t e s t  c e l l s .  A separate cabinet housed the f u r -  
nace power supply and associated water-cool ing system. The furnace i t s e l f  
was mounted in  a support ing s t ruc tu re  made from pipe. An o i l - d i f f u s i o n  
pump w i t h  co ld  t rap  and valve, which formed p a r t  of the vacuum system 
used t o  purge the furnace, was a l so  slipported by t h i s  s t ruc tu re .  Two op- 
t i c a l  pyrometers used to measure furnare temperatures are shown swung away 
t o  reveal  the upper and lower furnace por ts .  A p rec i s ion  potent iometer 
console together w i t h  a nu l l -ba lance galvanometer were used to  measure 
thermocouple emfs (outputs).  

2.3.1 Furnace -The furnace i s  shown i n  cross sec t ion  i n  f i gu re  2. As 
shown i n  f i g u r e  1, the actual  o r i e n t a t i o n  o f  the furnace was v e r t i c a l .  

The furnace was e l e c t r i c a l l y  heated by a s p l i t  tantalum tube element 10.2-cm 
i n  diameter and 80-cm long. 
ponents were maintained i n  an atmosphere o f  hel ium t o  prevent ox ida t ion .  

T h i s  heat ing element and a l l  o ther  tantalum com- 

The thermocouple t e s t  c e l l s  were pos i t ioned ins ide  the heat ing element and 
were suspended through a removable cop p la te .  Each c e l l  was i n  the form 
o f  a z i r con ia  tube, 80-cm long w i t h  an ou te r  diameter o f  2.5 cm. 
were closed a t  both ends, w i t h  removable plugs a t  the upper ends. A small 

The tubes 
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z i r con ia  gas-supply tube passed through a seal a t  the top of  each c e l l  and 
extended near ly  to  the bottom closure.  Gas en ter ing  each c e l l  through 
these tubes provided the means by which 'a  cont ro l  l ed  atmosphere was estab- 
l i shed w i t h i n  each c e l l .  For c l a r i t y ,  the gas o u t l e t  tubes near the top  
o f  each c e l l  a re  omit ted i n  f i g u r e  2. 

Posi t ioned between the t e s t  c e l l s  along the center ax is  of the furnace and 
a l so  suspended through the top p l a t e  was a cont ro l  thermocouple we l l  i n  the 
form o f  a tantalum tube, 80-cm long w i t h  an outer  diameter o f  1.3 cm. The 
bottom end was closed, and prov is ions  for supply ing hel ium were incorporated 
(not shown i n  f i g u r e  2). 

A small tantalum tube (1.9-cm long, 4.8-m outer  diameter, 0.8-mm w a l l  
thickness) was mounted t ransverse ly  through the we1 1 j u s t  above the bottom 
closure.  This tube was closed a t  one end; the open end was a l igned w i th  a 
viewing p o r t  ( s igh t  window) i n  the furnace w a l l .  
as a blackbody ta rge t  f o r  the lower o p t i c a l  pyrometer, which was mounted in  
l i n e  w i th  the viewing po r t .  

I n  use, the tube served 

A second viewing p o r t  mounted i n  the furnace wa l l  made i t  poss ib le  t o  ob- 
serve a po in t  on the tantalum we l l  a, >roximately t,alfway along i t s  length. 
An o p t i c a l  pyrometer was mounted ou ts ide  the furnace i n  l i n e  w i t h  t h i s  
viewing p o r t  a lso.  Both upper and lower o p t i c a l  pyrometers were arranged 
t o  swing aside t o  permit  v isua l  observat ion through the por ts .  

To reduce r a d i a t i o n  heat losses, the tantalum heat ing element was surrounded 
by a sh ie ld  assembly cons is t i ng  o f  s i x  spaced layers  of tantalum sheet. Th is  
assembly was made i n  three pa r t s :  a c y l i n d r i c a l  main s h i e l d  and top and bot- 
tom shie lds.  

A I  1 the furnace components were enclosed i n  a double-wall , cy1 i n d r i c a l  , 
s ta in less-s tee l  pressure vessel, or  chamber, w i t h  s ta in less -s tee l  end 
p la tes.  Water c i r c u l a t e d  between the wa l ls  provided cool ing.  

A vacuum system was used t o  purge the furnace chamber p r i o r  t o  gas f i l l .  
Major components o f  t h i s  system included a mechanical roughing pump, an 
o i l  d i f f u s i o n  pump, a l i q u i d - n i t r c g e n  co ld  t rap,  and a h igh  vacuum man{- 
f o l d  and valve assembly. 

Fur ther  const ruct ion d e t a i l s  and a discussion o f  furnace design considerat ions 
are  given i n  161. 
c e l l s  were used, although the furnace was designed t o  accommodate four .  

For the work described here, t w o  ra the r  than four  t e s t  

2.3.2 Furnace Control Ins tmenta t ion  - The furnace con t ro l  system provfded 
manual and automatic modes of operat ion.  
t iona l -cont ro l  u n i t  was capable of  mainta in ing the temperature a t  the r e f e r -  
ence thermocouple j u n c t i o n  t o  w i t h i n  ?r 0.5% o f  the set  temperature. A t  tern- 
peratures between 1700 and 2O0O0C, t h i s  degree o f  con t ro l  estab l ished a 46-cm- 
long hot  zone uni form i n  temperature t o  approximately f 1%. 

I n  the automatic mode, a propor- 

The con t ro l  u n i t  was an SCR type and suppl ied heat ing cur ren t  to a combina- 
t i o n  Scott-connected and step-down transformer. The u n i t  received i t s  con- 
t r o l  s ignal  from the con t ro l  thermocouple and incorporated a device t o  l i m i t  
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the maximum current  suppl ied t o  the furnace t o  a preselected value. Once 
t h i s  cur ren t  value was reached dur ing  a run, the u n i t  continued tci supply 
i t  u n t i l  the l i m i t e r  was reset.  

The tungsten-25% rhenium versus tungsten-3% rhenium con t ro l  thermocouple 
output  was recorded on a s t r i p - c h a r t  recorder. 

2.3.3 Potentiometer AssembZy - Thermocouple p o t e n t i a l s  were measured w i t h  
a five-decade p rec i s ion  potentiometer.;: fleasurements were taken w i t h  a 
leas t  count o f  I pV. A p rov i s ion  was made t o  swi tch the emf o f  the t e s t  
thermocouple, the reference thermocouple, o r  the con t ro l  thermocouple to 
the potentiometer assembly o r  t o  the console s t r i p - c h a r t  recorder. 

2.3.4 Optical Pyrometers - Cal ib ra ted  o p t i c a l  pyrometers were used t o  
i n f e r  the z i r con ia  t e s t - c e l l  temperatures a t  two s ta t i ons  ( c a l i b r a t i n g  and 
t e s t ) .  Correct ions were appl ied f o r  t ransmission losses through each o f  
the v iewing-port  windows. Measurements made a t  the upper p o r t  were cor-  
rected t o  a l l ow  f o r  the spect ra l  emittance o f  the ou ter  surface o f  the 
tantalum reference thermocouple we l l .  The measurement p rec i s ion  o f  these 
instruments var ies  w i t h  measurement range and depends i n  p a r t  on operator 
performance as we l l  as on instrument c a p a b i l i t y .  Experience has shown tha t  
the fo l l ow ing  are conservat ive values f o r  a competent operator :  700 t o  
I l O O " C ,  5 2°C; 1100 t o  1500"C, -+ 3°C;  and 1500 t o  2000°C, k 5°C. 

2.4 Test Thermocouple Mater ia ls  

The w i re  from which the t e s t  thermocouples were constructed was provided 
by the selected manufacturer t o  a s p e c i f i c a t i o n  developed by the sponsor, 
the NBS, and the manufacturer i n  consu l ta t ion .  S ta te -o f - the-ar t  procedures 
were t o  be used i n  producing three s izes o f  pure i r i d i u m  w i re  f o r  the nega- 
t i v e  components and of  60% ir id ium-40% rhodium a l l o y  w i re  f o r  the p o s i t i v e  
compments. The wires were t o  be as f ree  from mechanical and s t r u c t u r a l  de- 
fec ts  as possible,  and the dec is ion was made not t o  use doping.; 

The three w i re  diameters selected were 0.25, 0.51, and 0.81 mm. To prov ide 
a maximized r a t i o  of surface t o  cross-sect ional  area consis tent  w i t h  r e l i -  
ab le c a l i b r a t i o n  data, there was concern tha t  thermocouples constructed 
from 0.25-mm-diameter w i re  might not  surv ive the intended aging temperatures. 
Accordingly, the two la rger  s i t e s  o f  w i re  were also  used. The use o f  three 
w i re  diameters a l so  o f fe red  the oppor tun i ty  o f  de tec t ing  i n  the r e s u l t s  any 
tendency f o r  a func t iona l  dependence on w i re  s ize.  

* 
The manufacturer's statement of  uncertainLy i s  t (0.005% o f  reading + 0.1 pV) 
[ low range] o r  ? (0.0055 o f  reading + 0.3 pV)  [middle range]. 
ments were taken i n  these two ranges. 

Doping re fe rs  t o  the add i t i on  o f  carefl,I!y chosen impur i t i es  i n  c o n t r o l l e d  
amounts t o  the wi re.  I t  i s  o f ten  used t o  t a i l o r  thermocouple outputs so 
tha t  e x i s t i n g ,  we l l -es tab l i shed tab les o f  thermocouple emf-versus-temperature 
may be used. For the study reported here, the use o f  doped w i re  would have 
introduced an uncontro l led fac to r ,  as the t h e r m o e l e c t r i c - s t a b i l i t y  e f f e c t s  
on such wires o f  the h igh  temperatures used are not known. 

A l l  measure- 

** 
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Immediately before thermocouple fab r i ca t i on ,  wires were immersed i n  a 
so lu t i on  o f  soapy water and then r insed i n  e thy l  a lcohol .  The wires then 
were annealed f o r  approximatelv one hour by heat ing them t o  a temperature 
100°C above the intended aging temperature f o r  the given thermocouple. 
wires were heated by passing a cur ren t  through them wh i le  they hung suspended 
i n  catenary form i n  the laboratory .  
w i t h  an o p t i c a l  pyrometer. Fol lowing annealing, the wires were welded to-  
gether i n  an oxygen-hydrogen flame t o  form thermocouple junc t ions .  

2.5 l e s t  Procedure 

The t e s t  procedure may convenient ly be described 3s a ser ies  of  steps, as 

The 

The anneal ing temperature was monitored 

fol lows : 
1. 

2. 

3. 

4. 

5 .  

The z i r con ia  t e s t  c e l l s  were heated i n  pos i t ior? i n  the furnace 
t o  1600°C (measured by the con t ro l  thermocouple i n  the w e l l )  
t o  remove carbonaceous mater ia ls ,  and the furnace was then per- 
mi t ted  t o  cool slowly;k t o  room temperature. The ou ts ide  wa l l s  
o f  the c e l l s  were immersed i n  an atmosphere o f  helium, and the 
ins ide c e l l  surfaces exposed t o  a p o s i t i v e  f low o f  a i r .  P r i o r  
to heat ing,  the furnace chamber was f i r s t  vacuum purged and 
then the helium supply f o r  the chamber and f o r  the con i ro l  
thermocouple we l l  was turned on. 

Reference and t e s t  thermocouples were then i n s t a l l e d  i n t o  
the t e s t  c e l l s  i n  the iiup'i, o r  c a l i b r a t i n g ,  p o s i t i o n  w i t h  
the junc t ions  i n  l i n e  w i t h  the center of  the upper viewing 
p o r t  (32 cm from the bottom o f  each c e l l ) .  

Fol lowing another furnace purging, the gas f lows f o r  the t e s t  
c e l l s  were turned on: n i t rogen i n t o  the tes t  c e l l  w i t h  the 
reference thermocouple, dnd a i r  i n t o  the o ther  t e s t  c e l l .  As 
before, helium was c i r c u l a t e d  through the furnace chamber and 
the can t ro l  thermocouple we l l .  The t e s t  c e l l  f low r a t e  was 
adjusted t o  be 1 cm3/s. 

The reference thermocouple ( i n  n i t rogen)  and the t e s t  t h e r m -  
CO, l e  ( i n  a i r )  were annealed i n  the furnace t o  minimize any 
e f f e c t s  on thermocouple output  that  might have resu l ted  from 
co ld  working o f  the thermocouple wires dur ing f a b r i c a t i o n  or 
i n s t a l l a t i o n .  
nace t o  the intended aging temperature f o r  approximately 2 
minutes and then pe rm i t t i ng  i t  t o  cool s lowly  t o  1200°C. 

S t a r t i n g  a t  12OO"C,  measurements o f  the outputs o f  the thermo- 
couples were taken a t  200°C increments, w i t h  an upper l i m i t  o f  
1700"C, 1850"C, o r  2O0O0C, depending on the intended aging tem- 
perature o f  the t e s t .  The average dura t ion  o f  a c d l i h r a t i o n  
over a temperature range o f  1200 t o  2000°C was approximately 
4 t o  5 hours. 
as the base c a l i b r a t i o n  f o r  each thermocouple. The tempera- 
tures o f  the t e s t  c e l l s  were i n fe r red  from d i r e c t  o p t i c a l -  
pyrometer measurements o f  t h e  outs ide wa l l  o f  the reference 
thermocouple w e l l .  A curve was f i t t e d  t o  the base-ca l ib ra t ion  

Annealing was accomplished by heat ing the f u r -  

The data trom these measurements were regarded 

* 
A t  a r a t e  no greater  than 400"C/hour. 
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6. 

7. 

a. 

9 .  

data f o r  the reference thermocouple; the equation of t h i s  
curve permitted computation of tables of thermocouple output 
versus tcmpercture for any desired teraperature in terva ls  over 
the temperature-measurement range. The procedure i s  described I 

in  d e t a i l  in  [71. 
The reference and tes t  thermocouples were slowly* moved t o  the 
"down", o r  aging, pos i t ion  w i t h  the junct ions near the plane 
o f  the blackbody (1.5 cm from the bottom o f  each c e l l ) .  [Both 
ca l ib ra t ion  and aging posi t ions of the junct ions were well w i t h i n  
the isothermal hot zone of the furnace. The purpose of the deep- 
e r  aging pos i t ion conpared to the ca l ibrat 'on pos i t ion  was to en- 
sure that  when ca l i b ra t i on  measurements were nade, those port ions 
of  thermocouple wires subject to temperature gradients dur ing ag- 
ing would be outside the furnace a t  room tenpcrature and there- 
fore not contr ibut ing t o  thernrocouple output. As a resul t ,  mest- 
sured changes i n  output fo l lowing aging may be at t r .buted to ag- 
ing alone.] 

The reference and tes t  thermocouples were nmintained a t  the 
selected aging temperature for a period o r i g i n a l l y  intended to 
be about 16 hours, although various experimental d i f f i c u l t i e s  
tended t o  vary the duration of an aging period considerably. 
The temperature o f  the junct ions was in fer red from opt ica l -  
pyrometer measurements o f  the blackbody temperature. 
m n t s  of both thermocouple outputs were made a t  selected in te r -  
vals. 

The reference and tes t  thermocouples were slowly** withdrawn 
from the aging pos i t ion  t o  the ca l i b ra t i ng  posi t ion.  Since 
i r id ium and i r id ium-al loy wires are extremely f r a g i l e  when a t  
temperatures above 170O0C, great care was required t o  avoid 
je rk ing  the wires, which were retracted and inserted manually. 
Also, any contact between the thermocouple wires and the z i rco-  
n ia  tube a t  h igh temperatures resulted i n  instant destruct ion 
o f  the tube and samples. The wires were withdrawn a t  a ra te  
that permitted them t o  cool t o  a few hundred degrees Celsius 
before emerging i n to  the laboratory a i r .  

Measurements o f  the reference and tes t  thermocouple outputs 
were made and t h e  ca l i b ra t i on  s h i f t s  were calculated in terms 
o f  an equivalent change i n  test  temperature. 

Heasure- 

IO. I f  the ca l ib ra t ion  s h i f t  was less than an equivalent 2.0% change 
i n  test  temperature, steps 6 through 9 were repeated u n t i l  a c a l i -  
brat ion s h i f t  greater than an equivalent 2.0% change i n  tes t  tem- 
perature was detected o r  u n t i l  f a i l u r e  o f  e i ther  the reference o r  
the test  thermocouple. I f  the ca l i b ra t i on  s h i f t  was greater than 
an equivalent 2.0% change i n  t e s t  temperature, the t e s t  was te r -  
m i  na ted . 

* 
A t  a r a t e  o f  approximately 2 cdmin.  

A t  a r a t e  o f  approximately 1 cm/min. 
* t 
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2.6 Hicrost ructura l  Examination and Chemical Analysis 

The work reported here was carr ied out t o  tes t  the hypothesis that  high- 
temperature exposure of the iridium-40d rhodium versus iridium system to 
an oxid iz ing atmsphere would resu l t  in  preferent ia l  loss of i r id ium by 
oxidat ion and thus a change in  a l l o y  composition. Accordingly, selected 
segments o f  various thermocouple wires were sectioned, polished, and etched 
using conventional metal lurgical  techniques. These specimens were then ex- 
amined a t  magnifications from &OX to l200X w i t h  a r e t a l l u r g i c a l  microscope. 
Specimens were selected from wires of a l l  three diameters, exposed a t  the 
three aging temperatures. In addi t ion,  specimens were taken from t h e m -  
couples exh ib i t ing  large changes in thermoelectric output, or obvious ex- 
ternal  changes i n  appearance, o r  both. 

An electron microprobe was used t o  provide quant i ta t ive information about 
the a l l oy  composition of, and the Fresence o f  contaminants in, selected 
areas of some o f  the specimens studied by microscope. The microprobe was 
cal ibrated using a specimen of iridium-408 rhodiun a l l o y  thermcouple wi re 
as received from the wire manufacturer. Since the s t a b i l i t y  study was ccm- 
cerned w i t h  ind icat ive changes, t h i s  spectrum was accepted as being 60% 
ir idium, 408 r h o d i u m  according to the manufacturer's analysis, and thus the 
decision was made not t o  attempt a more precise measurement o f  composition 
by other techniques. Considerable d i f f i c u l t y  was experienced by the opera- 
to rs  o f  the microprobe a t  the time tha themcouple SDecimn composition 
measurements were made. Because o f  t h i s  d i f f i c u l t y ,  the microprobe resu l ts  
are reported t o  the nearest percent. 

2.7 Results and ln terpretat  ion 

2.7.1 ThermoelectAc Observations - Table I presents a sunmary o f  the c w -  
l a t i v e  re la t i ve  changes in  thermoelectric emf k i t h  aging t i m e  a t  1700°C in  an 
ox id iz ing atmosphere ( a i r )  f o r  an iridium-40% rnodium versus i r i d ium therm- 
couple o f  0.81-mn-diameter wire. The reference i s  the thermal emf of the 
s imi la r  reference thermocouple exposed t o  the same aging program i n  a ni-  
trogen atmosphere. 
1200 through 1700°C f o r  up to 359 hours o f  aging. 

Results are given fo r  s i x  ca l i b ra t i on  temperatures from 

The ca l ib ra t ion  of the reference thermocouple was r e l a t i v e l y  s tab le dur ing 
the tests, changing by no more than 7 v V  a t  1700°C and by no more than 10 ;rV 
a t  e i ther  1850 o r  2000°C. As described i n  2.4, the ca l i b ra t i on  temperature 
was measured w i t h  an op t ica l  pyrometer. I n  contrast, the tes t  thermocouple 
emf increased during the f i r s t  116 hours of aging and decreased thereafter.  
Two ca l ib ra t ion  measurements Yere taken a t  71.5 and 76.5 hours, but only a t  
1700°C. because of experimental d i f f i c u l t i e s .  A t  259 and 359 hours, c a l i -  
brat ion measurements were a lso made only a t  the aging temperature, again be- 
cause o f  experimental d i f f i c u l t i e s .  Figure 3 ,  which i s  a graphic representa- 
t i o n  o f  the data i n  table 1, shows the p l o t  o f  AE versus time a t  a ca l i b ra t i on  
temperature o f  1700°C. 
( '14°C) a t  116 hours and then de..reases thereafter a t  the ra te  o f  0.12 IJV per hour 
(0.02"C per hour) to the end o f  the tes t  a t  359 hours. 
the test  showed that both thermocouples had undergone s t ruc tu ra l  changes which 
resulted i n  the wires becoming b r i t t l e .  This embrittlement was the probable 
cause of the mechanical fa i lu res  which occurred as the junct ions were being 
r e p s  i t ioned . 

I t  i s  seen that  AE r ises to  a maximum c f  about 73 V V  

Examination fo l lowing 
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The data from a s ing le  tes t  have been presented in  de ta i l  as being typ ica l  
o f  the resul ts  of a l l  the tests. 
f o r  each wi re s ize and aging temperature i s  given i n  tab le 2. 

The number o f  tests  successful ly conducted 

Figure 4 consists of p lo t s  of r e l a t i v e  change in  thermal emf for three t h e m -  
couples of 0.81-mn-diameter wire as a funct ion o f  asing time a t  1850°C. 
p lo ts  are for ca l i b ra t i on  a t  1850"~ as determined by the op t i ca l  pyraneter. 
Relat ive change in  thermal emf i s  defined as the di f ference between the thermal 
emfs of the tes t  thermocouple in  a i r  and the re fe rewe thennocouple i n  nitrogen. 
I n  general, the thermal emfs o f  the reference thermocouples changed l i t t l e ,  so 
that  the change i n  the re la t i ve  thermal emf may be considered t o  r e f l e c t  the 
behavior o f  the tes t  thermocouples. As sham, a f t e r  the f i r s t  10 hours a l l  
three tes t  thermocouples experienced greater changes in  thermal emf than d i d  
the reference thermocouples. The observed changes in thermal emf corresponded 
to  a change i n  the 1850°C aging temperature of less than 1.2%, before fa i lure.  
The maximum spread i n  the three r e l a t i v e  emfs occurred a t  70 hours and was 33 VV, 
corresponding to 6.l"C. 
was 0.2"C per hour. 

The 

The average rate o f  d r i f t  during the f i r s t  70 hours 

Figure 5 i s  a p l o t  o f  re la t i ve  change i n  thermal emf of a s ing le thermo- 
couple o f  0.51-nun-diameter wire as a function of aging time a t  the highest 
tes t  temperature o f  20OO0C. 
Relative change i n  thermal emf has the same meaning as for f igure  4. 
about an hour a t  2000"C, the tes t  thermocouple experienced greater changes 
i n  thermal emf than d i d  the reference thermocouple. The observed maximum 
re la t i ve  thermal emf of 85 UV a t  8 hours corresponded t o  a change i n  the 
2000°C aging temperature of 15.7"C, or less than 0.8%. The ra te  o f  d r i f t  
during 8 hours of heating was 2°C per hour, ten times higher than that  for 
the 0.81-m-di lameter wire a t  1850°C. Fa i lu re  occurred i n  the subsequent 
aging period. 

The p l o t  i s  of f i v e  cal ibrat ior,s made a t  2000°C. 
Af te r  

Figure 6 consists of p lo t s  of changes i n  thermal emf o f  three thermocouples 
of  the three d i f f e ren t  wire sizes as a funct ion o f  aging t i m e  a t  1850°C. 
The ca l i b ra t i on  temperature was a lso 1850°C. Fai lure occurred in  the thermo- 
couple made from the smallest wire f i r s t .  a t  less than 10 hours. The thermo- 
couple made from the largest wi re  lasted beyond 100 hours. These data, to- 
gether wi th  the resul ts  of other tests,  indicate that  thermocouples made from 
smaller-diameter wire have shorter l i fe t imes i n  high-temperature environments. 
There also i s  a tendency f o r  such thermocouples to  experience a higher ra te  o f  
change o f  thermal emf compared t o  thermocouples made from larger wires. 
rates of d r i f t  are 2.9, 1.7, and 0.2"C per hour, respectively, f o r  the 0.25-, 
0.51-, and 0.81-mn-diameter wires, f o r  the aging times indicated. 

The 

Figure 7 consists of p io ts  of changes i n  the thermal emfs o f  three thermo- 
couples of 0.81-m-diameter wire as a function o f  aging t i m e  a t  three tem- 
peratures. Each thermocouple was ca l  i brated a t  i t s  aging temperature. The 
changes i n  thermoelectric output occur a t  a greater ra te and the l i f e t i m e  i s  
markedly reduced as the aging temperature increases from 1700 t o  2000°C. 
average d r i f t  rates were 0.1, 0.2, and 1.5"C per hour a t  temperatures o f  1700, 
1850, and 2000"C, respectively. 

2.7.2 MicrostmcturaZ and ChemicaZ Studie8 - Two thermocouples o f  0.81-m- 
diameter w i r e ,  f o r  which test  resul ts  were presented i n  table 1,  were among 

The 
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those chosen f o r  microstructural  examinatim and chemical analysis. As 
described, these themujcouples withstood 359 hours of exposure to ilcl aging 
temperature o f  I7OO0C, the longest exposure t i n e  for any set of therm- 
couples, p r i o r  to fa i lu re .  Specimen lengths o f  wi re  were cut from each 
element of the two thennocouples f o r  microstructural  examination s ta r t i ng  
about 0.3 nm from each junct ion and extendinq to about 2.4 clll from the junc- 
tion. Such samples are i den t i f i ed  as "near junction". Adjacent t o  the 
junct ion of the thennocouple exposed t o  a i r ,  the a l l o y  component shomd 
evidences of  oxidat ion and melt ing along the wire surface. 
f ran  the junct ion,  a reddish-brawn coating was a lso observed on the surface 
of t h i s  canpment . 

About 7.5 ca 

Figure 8 presents micrographs of the sectioned iridium-40% rhodim component 
of the tes t  thermocouple. Photographs a, b, and c were taken w i t h  a magnifi- 
cat ion of IOOX; d, a t  1200X. The changes in  s t ructure appear gre3tcr than 
those experienced by the other components in e i the r  atmosphere and suggest 
the p o s s i b i l i t y  that t h i s  a l l oy  may have experienced a change in  conposit ion 
as w e l l  as s t ruc tu ra l  deter iorat ion.  Photograph 8a shows a longi tud ina l  sec- 
t i o n  of the a l l oy  wi re microstructure in regions not exposed to any h igh tea- 
perature, for reference. Photograph 8b shows a longi tudinal  section o f  the 
a l l o y  wire that  was exposed t o  h igh temperatures in  an a i r  atmosphere. The 
microstructure reveals a grain-boundary phase and large, smooth-cornered 
grains, whose presence indicates that  melt ing had occurred. Photograph 8c 
i s  a longi tudinal  section o f  the same wi re about 2.4 an from the thermo- 
couple junct ion showing erosion of the surface and voids near the surface. 
Considerable gra in  growth i s  also shown. 
the grain-boundary phase i n  8b. 

Photograph 8d i s  an enlargement of 

Table 3 gives the r e s u l t s  o f  composition analyses o f  the specimens shown in  
f igure  8. The specimen shown in 8a was taken as a reference, w i t h  i compo- 
s i t i o n  o f  60% i r id ium and 40% rhodium by weight. 

The changes i n  composition o f  the a l l o y  component i n  the ni t rogen atmosphere 
were found t o  be negl ig ib le ,  and only a s l i g h t  enlargement of g ra in  s ize  was 
observed. However, the a l l oy  component i n  the ox id iz ing  atmosphere changed 
considerably. 
boundaries near the thermocouple junct ion o f  the sample heated i n  a i r ,  pho- 
tographs 8b and 8d, showed no great change in  composi t ion except i n  the areas 
near the wi re surface, where the i r id ium content dropped t o  about 20% and the 
rhodium content increased t o  75%. I n  these regions the presence o f  a s i g n i f i -  
cant amount of s i l i c o n  was detected. 
junction, shown i n  8c, voids were observed near the surface. There was an 
accompanying enrichment o f  rhodium near the wire surface, which i s  consistent 
wi th  the hypothesis that i r id ium had been oxidized and removed from the sur- 
face. 

The composition analyses o f  phases enclosed by the gra in  

From the sample taken fa r ther  from the 

A possible source o f  s i l i c o n  contamination was the rnagnesia-stabilized z i rco-  
n i a  test  c e l l s .  Spectrochemical analysis of the wi re specimens revealed an 
estimated s i l i c o n  content o f  0.1 t o  1.0% by weight. However, a greater con- 
centrat ion, approximately 5 . 0 % ,  was found (by microprobe analysis) near the 
grain boundaries of wi re  samples closest t o  thermocouple junctions. The pres- 
ence o f  s i l i c o n  w i l l  resu l t  i n  the formation o f  a low-melting eutect ic  w i t h  
e i ther  i r id ium o r  rhodium [8 ) .  
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Figure 9 consists of four micrographs a t  a' magnif icat ion of 80X o f  specimens 
that  experienced some s t ruc tura l  deter lorat ion.  These specimens are longi-  
tudinal  sections, and the widths o f  the polished surfaces s h  in  the f ig -  
ures do not necessarily correspond to the product of the wi re diameter 
L Id the magnification. Following exposure t o  high temperature, scnne speci- 
fn.:ns were found t o  be considerably deformed and enlarged, especial ly near 
'.he t i p .  
r.eFerence thermocouple aged f o r  88 hours a t  1850°C i n  nitrogen; photograph 
3b i s  of an i r id ium specimen taken from a tes t  thermocouple aged for 88 hours 
o t  1850°C i n  a i r ;  photograph 9c i s  o f  an a l l o y  specimen from the reference 
!hermocouple; and photograph 9d i s  o f  an a l l o y  specimen from the tes t  thermo- 
couple. Photograph 9a shows a very large 
gra in  size, which indicates that g ra in  growth had occurred. A s l i g h t  sur- 
l3ce erosion o f  metal i s  evident near the t i p  o f  the sample, a t  the r igh t .  
' lese factors could have contr ibuted t o  a s t ruc tu ra l  weakening of the wire. 
'.lotograph 9b s h s  la rger  grains a t  the t i p  than a t  the shank. Some sur- 
'ace erosion i s  also i n  evidence. Photograph 9c shows erosion o f  metal a t  
the surface. This photograph a lso  shows a grain-boundary second phase and 
f i n e  prec ip i ta te  throughout the structure. It i s  probable that  the grain- 
boundary phase was a l i q u i d  contaminant or an oxygen-deficient oxide a t  the 
t - ! s t  temperature, and that the prec ip i ta te  i n  the grains was a sub-oxide 
prec ip i ta ted during cooling. This i s  suggested by the rounded appearance o f  
the grain-boindary corners. The l i g h t e r  co lorat ion o f  the oxide phase ind i -  
cates a lack o f  oxygen. 

Figure 9a i s  a photograph of an i r id ium specimen taken from a 

The wire diameter was 0.81 mn. 

Phctograph 9d shows considerable surface erosion, a second phase a t  the 
gra in  boundaries, and f i n e  p rec ip i t a te  throughout the structure. It seems 
probable from the co lorat ion o f  the oxide phase that the oxide l i q u i d  was 
less oxygen-deficient than that  f o r  the specimen shown i n  9c. 

The poss ib i l  t y  also ex is ts  that the observed s t ruc tu ra l  deter iorat ion o f  
specimens trom the reference thermocouple resul ted from contamination of 
the ni t rogen atmosphere w i t h  oxygen. 
test ,  imnediately p r i o r  t o  thermocouple fa i l u re ,  the test  c e l l s  were sub- 
jected t o  severe thermal shock, resu l t ing  in  cracks i n  the reference c e l l  
and permi t t ing the entry o f  a i r .  The prec ip i ta te  areas found i n  the gra in  
structure o f  the specimens from &e reference thermocouple probably resul ted 
from certain oxides that sol i d i f  ied during the rapid cool ing which followed 
f a i l u r e  o f  t k .2  12st c e l l .  

During the f i n a l  cool ing phase o f  the 

Measuremep 
two the, ,couples showed changes that were i n  reasonable agreement w i th  
those obtained wi th  other thermocouples tested under l i k e  condit ions. 

o f  thermocouple output made a f t e r  88 hours o f  aging o f  these 

F;qur.e 10 consists o f  four micrographs a t  a magnif icat ion o f  80X and i l l u s -  
t ra tcs  changes i n  microstructure that may occur fo l lowing exposure t o  a 
9igh-temperature nx id iz ing environment. Photograph 10a i s  o f  a specimen 
taken from an *inheated por t ion o f  a thermocouple a l l oy  component; photograph 
10b i s  o f  a specimen taken from the same thermocouple component, but from a 
por t ion eb.posed t o  2000°C. i n  a i r .  S imi lar ly ,  photograph 1Oc i s  o f  a speci- 
men . A n  from an unheated por t ion of the i r id ium component o f  the same 
thetmcouple. and photograph 10d i s  o f  a specimen taken from a por t ion o f  the 
- m e  i r id ium component exposed t o  2000"C, i n  a i r .  The aged specimens were 



both taken from port ions of w i re  from 2 t o  4 un from the junction. Wire 
diameter was 0.81 mn. Gross surface erosion i s  evidenced i n  10b cornpared 
w i th  loa. Photograph 10b a lso shaus a grain-boundary second phase and a 
f i n e  prec ip i ta te  throughout the structure. 

To detect any changes i n  a l l o y  composition, and spec i f i ca l l y  to determine 
i f  the phases sham i n  10b were rhodium r i c h  (as might have been expected 
i f  i r id ium had been depleted by oxidation), an electron microprobe traverse 
was carr ied out from the wi re surface t o  the center. Along t h i s  distance of 
some 0.40 mn, measurements s b d  tha t  the i r id ium concentration (by m i g h t )  
had varied from 28% a t  the wire surface to 63% a t  the center. 
sponding change i n  the rhodium concentration varied from 61% to 36%. 

The corre- 

Comparison o f  photographs 1Oc and 10d shows l i t t l e  e f fec t  on the i r id ium 
component from exposure to a high-temperature ox id iz ing atmosphere. There 
i s  an ind icat ion that a s l i g h t  increase i n  grain s ize occurred, but as the 
specimens are from widely separated port ions o f  the i r id ium wire, t h i s  con- 
c lusion remains tentat ive. 

2.7.3 Interpretation of Combined Thermoetectric and Microstructural Re- 
mZts - Changes i n  thermocouple ca l i b ra t i on  observed fo l lowing aging o f  
thermocouples a t  temperatures o f  1700, 1850, and 20OO0C i n  an ox id iz ing  
atmosphere indicate some ins tab i  1 i t y  o f  the i ridium-bO% rhodium versus 
i r id ium thermocouple a t  these temperatures. 
proposed t o  account for  these ca l i b ra t i on  s h i f t s  has been that  o f  prefer-  
e n t i a l  oxidat ion o f  i r id ium in  the a l l o y  component. An i n i t i a l  loss o f  
i r id ium would be expected t o  increase thermocouple output u n t i l  the a l l o y  
component composition became about 50-50; any fur ther  loss o f  i r id ium 
would then decrease output, as the a l l o y  became e f fec t i ve l y  more and more 
r h o d i u m  enriched. The d i rec t ion  o f  the observed thermoelectric changes i s  
consonant w i th  t h i s  hypothesis. 
a change i n  output greater than that  corresponding t o  a 2.0% change i n  tes t  
temperature. Unfortunately, no set of tes t  and reference thermocouples 
withstood an aging time o f  more than 360 hours, and that performance was 
exceptional ( the thermocouples involved were made from 0.81-mn-diameter 
wire; aging temperature was 1700°C). Premature mechanical f a i l u res  o f  
thermocouples suggested that the wires were embri t t led because o f  s t tuc-  
tu ra l  changes such as gra in  growth and the formation o f  new phases and 
boundaries. Subsequent microstructural  examination o f  re la ted specimens 
v e r i f i e d  that, in  some tests, such changes had in fac t  taken place. M i -  
crochemical analysis by means o f  an electron microprobe was a lso carr ied 
out f o r  some specimens. The resu l t ing  composition data suggest that  the 
preferent ia l -oxidat ion hypothesis may be correct, but are not conclusive. 

The mechanism that  has been 

No ca l i b ra t i on  s h i f t  was observed producing 

2.8 S t a b i l i t y  Test Conclusions 

The fol lowing conclusions, based on resu l ts  w i th  the l im i ted  number of 
thennocouples tested, are presented fo r  the s t a b i l i t y  invest igat ion f o r  
the iridium-40% rhodium versus i r id ium thermocouple system i n  a high-tun- 
perature ox id iz ing environment. 

No ca l ib ra t ion  s h i f t  was observed producing a change in out- 
put greater than that corresponding t o  a 2.0% change i n  tern- 
perature during the l i f e t i m e  of  the thermocouple. 
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2. 

3. 

4. 

5. 

Ca l ib ra t i on  changes and thermocouple l i f e t i m e  appear t o  be 
f u n c t i o n a l l y  dependent on aging temperature, aging t ime, and 
w i r e  s ize.  The r a t e  o f  ca l :b ra t ion  change i s  seen t o  be 
s t rong ly  dependent on aging temperature: 
t u re  corresponds t o  a greater  ra te .  

Under the t e s t  condi t ions,  no t e s t  thermocouple p a i r  had a 
l i f e t i m e  exceeding 360 hours. 

Observed c a l i b r a t i o n  s h i f t s  and s t r u c t u r a l  and chemical 
changes are  consonant w i t h  the p re fe ren t i a l -ox ida t i on  hypoth- 
es is .  

The s t r u c t u r a l  changes observed included marked g ra in  growth 
which may account f o r  the considerable degree o f  embr i t t l e -  
ment tha t  occurred. 

a h igher  tempera- 

3. GRADIENT STUDIES 

3 .  I Background 

A number o f  p r a c t i c a l  measurement app l i ca t ions ,  such as the measurement of 
gas temperatures i n  a i r c r a f t  turbines, requ i re  tha t  the transducer sensing 
element be exposed t o  thermal gradients  o f  up to several thousand degrees 
Celsius per centimeter. The thermal ly  generated p o t e n t i a l ,  o r  output,  de- 
veloped by a thermocouple constructed from homogeneous components i s  i n  
p r i n c i p l e  a funct ion of the thermocouple mater ia ls  and o f  the j u n c t i o n  
temperature. However, inhomogeneities along thermocouple wires may be de- 
veloped, f o r  example, by co ld  working tha t  may occur i n  the course o f  fab- 
r i c a t i o n  and i n  normal use, both i n  the  laboratory  and elsewhere. The 
thermal emf, o r  output ,  generated by a thermocouple w i t h  inhomogeneous 
components depends not  on ly  on the component mater ia ls  and the j u n c t i o n  
temperature, but  a l so  on any temperature gradients tha t  may e x i s t  a long 
the wires.  E f fec ts  tha t  may be n e g l i g i b l e  as a r e s u l t  o f  the presence of  
m i  I d  gradients may become appreciable f o r  severe gradients  and se r ious l y  
l i m i t  measurement accuracy. The purpose o f  the work repor ted here was to 
explore the e f f e c t s  o f  gradients  on the emf s t a b i l  i t y  o f  selected thermo- 
couple systems from 700°C/cm t o  near ly  2000"C/cm, w i t h  j u n c t i o n  temperatures 
up t o  2000"c. 

3.2 Sumnary o f  Test Method 

Test thermocouples were fabr ica ted  i n  e i t h e r  s t i r r u p  o r  wedge conf igura t ion ,  
as shown i n  f i g u r e  13. Thermocouples of  the system platinum-13% rhodium 
versus plat inum were prepared f o r  t e s t s  w i t h  gradients o f  700 and 1475"C/cm, 
w i t h  a j unc t i on  temperature o f  1500°C. For tes ts  extending the gradient  
seve r i t y  t o  near ly  2000"C/cm, another thermocouple system was required. 
Thermocouples o f  i r i d  i um-40% rhod i um versus i r i d  i um were prepared f o r  tes ts  
w i t h  gradients of 700, 1500, and 1975"C/cm, w i t h  a j u n c t i o n  temperature of 
2000°C. To inves t iga te  e f f e c t s  o f  w i re  s i t e ,  thermocouples o f  p la t inum- l3% 
rhodium versus p la t inum were fabr ica ted  from wires 0.25, 0.51, and 0.81 mm 
i n  diameter. I r id ium-40% rhodium versus i r i d i u m  thermocouples were a l l  made 
from 0.51-mm-diameter wire.  



The t e s t  thermocouple was mounted i n  a t e s t  chamber open to  the laboratory  
atmosphere. A continuous i n f ra red  laser  beam was focused on to  the thermo- 
couple junc t ion ,  and the r e s u l t i n g  gradient  could be c o n t r o l l e d  by ad jus t i ng  
the distance between the water-cooled mount and the j u n c t i o n  and by regu la t -  
ing  the cooling-water f low through the mount. 
were measured w i t h  a ca l i b ra ted  o p t i c a l  pyrometer, and the thermocouple emf 
was measured w i t h  a p rec is ion  potent iometer assembly. 
successfu l ly  conducted for each thermocouple system, w i r e  s ize,  gradient ,  
and co i l f igura t ion  i s  given i n  t a b l e  4. 

Thermocouple temperatures 

The number o f  t e s t s  

3 . 3  Aoparatus 

Figure 11 i s  an o v e r a l l  view o f  the grad ien t - tes t  apparatus. The cabinet 
on the l e f t  cons t i t u ted  the p rec i s ion  potent iometer console t h a t  was used 
t o  measure t e s t  thermocouple emfs and, i n d i r e c t l y ,  tcmperatures i n  the t e s t  
chamber by means o f  the o p t i c a l  pyrometer. An in te r fe rence f i l t e r  prevented 
re f l ec ted  laser  rad ia t i on  from en te r ing  the  pyrometer. The t e s t  thermo- 
couple j unc t i on  was mounted i n  the t e s t  chamber and pos i t ioned t o  be a t  the 
focus o f  the laser  beam by means o f  an x-y t r a n s l a t i o n  stage. The beam from 
the 60-W, continuous, Nd:YAG laser  was focused by a glass lens moun%d i n  a 
tube. Dual laser  con t ro l s  were mounted i n  a small console; a separate cabi-  
ne t  housed the laser  power supply and coo l ing  system. 

3 .3 .1  Test Chamber - The t e s t  chamber i s  shown i n  cross sec t ion  in  f i gu re  
12. The chamber, constructed o f  brass, was double wal led,  w i t h  prov is ions 
f o r  coo l ing  water t o  f law between the wa l ls .  Overal l ,  the chamber was 5 c m  
i n  diameter and 20 cm i n  height.  The support for the chamber a l s o  c a r r i e d  
an x-y t r a n s l a t i o n  stage w i t h  micrometer adjustments. Both hor izon ta l  and 
v e r t i c a l  adjustments were provided t o  p o s i t i o n  the test-thermocouple j u n c t i o n  
i n t o  the focused laser  beam. 
two-piece tube t h a t  was supported a t  one end by the chamber and a t  the o ther  
end by the laser  head. The t e s t  thermocouple was mounted i n  an aluminum ox- 
ide insu la to r ,  and the i nsu la to r  mounted i n  what i s  i d e n t i f i e d  i n  f i g u r e  12 
as the "thermocouple probe".;l: The mount was water cooled. The lower ends o f  
both the brass mount and the aluminum oxide i nsu la to r  a re  shown i n  cross sec- 
t i o n  i n  f i g u r e  13. Por ts  i n  the chamber gave o p t i c a l  access t o  the mounted 
j u n c t i o n  f o r  the focused laser  beam and f o r  the o p t i c a l  pyrometer. 

The beam was focused by a lens mounted i n  a 

The t e s t  chamber was vented a t  top and bottom so t ha t  labora tory  a i r  could 
f l o w  f ree ly  i n t o  and out of the chamber. 
estab l ished which ensured tha t  a continuous supply o f  f resh  a i r  surrounded 
the j unc t i on  and wires.  

t u r i n g  tes ts ,  convect ive flow was 

3.3.2 Laser Heat Source - The test-thermocouple j u n c t i o n  was heated by the 
focused beam of an in f ra red  (wavelength of  1.065 um) Nd:YAG continuous laser  
w i t h  a maximum beam power o f  60 W. Major components o f  the laser  system in -  
cluded the l ase r  head, w i t h  lamps, e l l i p t i c a l  cav i t y ,  and laser  rod; an op- 
t i c a l  bench t o  support the head; a dual laser  con t ro l  s ta t i on ;  lamp power 
suppl ies;  and water-cool ing  equipment. 

* 
The design of  the mount simulates tha t  of thermocouple probes used w i t h  
a i r c r a f t  propuls ion systems. 
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3.3.3 
was measured w i t h  an o p t i c a l  pyrometer. The measuring scale o f  the  i n s t r u -  
ment was no t  used. Instead, t o  improve the p r e c i s i o n  o f  the pyrometer for 
temperatures up t o  2O0O0C, the pyrometer was c a l i b r a t e d  and used on a bas is  
of  temperature versus pyrometer f i lament  current .  
nected i n  ser ies w i t h  the pyrometer s l i d e  w i r e  t o  prov ide a more s e n s i t i v e  
means o f  s e t t i n g  f i lament  cur ren t .  The f i lament  current  was measured by 
us ing a standard r e s i s t o r  w i t h  a nominal value o f  1 52 and a prec is ion  poten- 
t iometer  assembly.:: Measurements were taken w i t h  a leas t  count o f  1 pV. 
Appropr iate cor rec t ions  were appl ied t o  the o p t i c a l  pyrometer measurements 
t o  compensate f o r  the spect ra l  emit tance o f  the thermocouple mater ia ls ,  fo r  
window transmission losses, and f o r  t ransmission losses imposed by the i n t e r -  
ference f i l t e r .  The spect ra l  emittance values used f o r  the thermocouple m t e -  
r i a l s  were obtained from [g] .  Although the actual  spect ra l  emittances o f  the 
thermocouple mater ia ls  dur ing t e s t i n g  may have deviated s l i g h t l y  from the r e f -  
erence [g] values (due t o  a l l o y  composit ion changes or surface s t r u c t u r e  
changes), these dev iat ions were probably q u i t e  small. 
taminat ion coatings were observed on the thermocouple junc t ions  dur ing  o r  
a f t e r  tes t ing .  

Optical Pyrometer Measurements - The thermocouple j u n c t i o n  temperature 

A 2.0-R rheostat  was con- 

Also, no ox ide o r  con- 

- - "  rn' 
3 . 3 . -  ~nsr*mocoupIc EMF Measurements - Thermocouple emfs were measured us ing 
the prec is ion  potentiometer assembly. A mechanical swi tch permi t ted e i t h e r  
the thermocouple output o r  the pyrometer cur ren t  t o  be selected for measure- 
ment. 

3 . 4  Test Thermocouple Mater ia ls  

The w i r e  from which the t e s t  thermocouples were constructed was obtained 
from a commercial manufacturer. The thermocouple system f i r s t  used was 
platinum-13% rhodium versus plat inum. The sponsor had s t i p u l a t e d  thermo- 
couple const ruct ion from wires o f  the smal lest  "pract icable"  s ize.  As w i t h  
the s t a b i l i t y  study, there was concern t h a t  thermocouples fabr ica ted  from 
very small wires might not surv ive the tes ts ,  and therefore the same selec- 
t i o n  o f  w i r e  diameters was made. Accordingly, thermocouples were fabr icated 
i n  e i t h e r  s t i r r u p  o r  wedge type (as shown i n  f i g u r e  13) from w i r e  w i t h  diam- 
e t e r s  o f  0.25, 0.51, and 0.81 mm. Fabr ica t ion  procedures were those described 
i n  2.4. 
i n  the r e s u l t s  any tendency f o r  a func t iona l  dependence on w i r e  s ize.  The t w o  
thermocouple conf igurat ions are t y p i c a l  o f  those used i n  p r a c t i c a l  appl ica-  
t ions"",  and t h e i r  incorporat ion i n  the t e s t  prograv was intended t o  detect  
any marked performance advantage one design had over the other  when subject  
t o  gradients  o f  700 t o  1975"C/cm. 

The use of  three w i r e  diameters o f f e r e d  the oppor tun i ty  o f  de tec t ing  

Since e a r l y  t e s t  r e s u l t s  revealed t h a t  s i g n i f i c a n t  c a l i b r a t i o n  changes were 
occurr ing,  the range o f  gradients tested was extended t o  near ly  2000°C/cm 

.#. 

'I The manufacturer 's statement o f  uncer ta in ty  i s  2 (0.01% o f  reading + 0.2 uV)  
[low range] or _+ (0.01% o f  reading + 2.0 L V )  [middle range]. A l l  measurements 
were taken i n  these two ranges. 

.*. .*. .. I% 

The s t  
t o  the 
rnechan 

r rup  type provides improved heat t r a n s f e r  from the surrounding gas 
junc t ion ,  compared t o  the wedse type: the wedge type provides greater  
ca l  s t rength i n  a h igh-ve loc i ty  stream. 



w i t h  thermocouples o f  i r id ium-40& rhodium versus i r id ium,  as the sponsor 
had requested. For t h i s  work, on ly  one w i r e  s i ze  was t o  be used. Experi- 
ence i n  the s t a b i l i t y  study had shown tha t  0.25-mn-diameter wires had a 
shor t  l i f e t i m e  as components o f  thermocouples subjected t o  20OO0C. There- 
fore, the choice was made t o  use 0 .51-m-d iamter  w i r e  for the extended 
tes ts .  A s l i g h t  mod i f i ca t i on  o f  both s t i r r u p  and wedge thermocouple con- 
f i g u r a t i o n s  was required t o  permit  a 20OO0C j u n c t i o n  t o  be achieved. A 
tapered ho le  was u l t r a s o n i c a l l y  machined i n t o  the welded j u n c t i o n  through 
the center  of the bead u n t i l  the diameter o f  the ho le  a t  the surface 
reached 0.4 mn. 
penetrated about two t h i r d s  o f  the way through i t .  Such holes are i n d i -  
cated by the small i r r e g u l a r  c i r c l e s  i n  the junc t ions  i n  f i g u r e  13. Mul- 
t i p l e  re f l ec t i ons  of the focused laser  beam i n  the hole increased the energy 
t rans fe r  from the beam to the j unc t i on .  
hole, f a b r i c a t i o n  procedures were the same as those described i n  2.4. 

Depending on the exact form o f  the j unc t i on ,  the ho le  

Other than the machining of the 

Before tes t ing ,  a l l  thermocouples were annealed i n  a i r  t o  improve c a l i b r a -  
t i o n  s t a b i l i t y  w i t h  heat ing.  Platinum-13% rhodium versus p la t inum thermo- 
couples were heated t o  1450°C f o r  one hour, and allowed t o  cool ;  i r i d ium-  
40% rhodium versus i r i d i u m  thermocouples were heated t o  2100°C f o r  two 
minutes, and allowed t o  cool .  

3.5 Test Procedure 

As w i t h  the s t a b i l i t y  study, the t e s t  procedure may convenient ly be described 
as a ser ies of steps, as fo l lows:  

1 .  

2. 

3.  

4. 

5. 

The t e s t  thermocouple was mounted i n  an aluminum ox ide insu la to r .  

The insu la to r  was i n s t a l l e d  i n  the water-cooled mount f o r  a l l  
t es ts  except those for  intended gradients  o f  700°C/cm. The 
junc t i on  was adjusted t o  p r o j e c t  approximately 1 cm beyond 
the lower end o f  t h e  mount. 

An add i t i ona l  con t ro l  parameter f o r  s e t t i n g  gradients  was 
cool ing water f low through the mount. For t e s t s  w i t h  in -  
tended gradients  o f  700"C/cm, the i nsu la to r  was i n s t a l l e d  i n  
a mount that  had no water-cool ing.  The thermocouple j u n c t i o n  
was adjusted t o  extend approximately 2.5 cm beyond the lower 
end o f  the insu la to r .  

For a l l  gradients,  the exact distance was determined by t r i a l  
and e r r o r  for each combination of  j u n c t i o n  temperature and 
w i r e  diameter. 

The mounted t e s t  thermocouple was i n s t a l l e d  i n t o  the t e s t  
chamber i n  such a manner tha t  the plane o f  the wires was per-  
pendicular t o  the laser-beam path. I f  the thermocouple junc- 
t i o n  had a conica l  hole,  the thermocouple was o r ien ted  so tha t  
the hole faced the laser.  

A check was made to ensure tha t  the tube enclosing the laser-  
beam path was i n  p lace and tha t  the in te r fe rence f i l t e r  was 
also i n  place. 

The laser  was turned on a t  a l o w  power se t t i ng ,  and the focused 
beam spot observed through the o p t i c a l  pyrometer, The spot s ize  
was on the order o f  a few tenths o f  a m i l l i m e t e r  i n  diameter. 
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6. V e r t i c a l  and hor izon ta l  adjustments were made t o  b r i n g  the 
center o f  the thermocouple j u n c t i o n  i n t o  the focused beam. 
I f  the conica l  ho le  was present i n  the j u n c t i o n ,  f i n e  ad jus t -  
ments were made t o  b r i n g  the beam i n t o  the hole.* 
focusing was o r d i n a r i l y  necessary. The i n i t i a l  focus ad jus t -  
ment was made on a t r i a l - a n d - e r r o r  basis.]  

7. The laser-beam power was adjusted t o  b r i n g  the j u n c t i o n  tem- 
perature to  e i t h e r  1500 or 2000°C (depending on the t e s t )  as 
determined by the o p t i c a l  pyrometer. 

8. A t  a convenient d is tance from the junc t ion ,  the temperature 
(T- low) o f  the w i r e  was measured w i t h  the o p t i c a l  pyrometer, 
and the gradient computed. I f  the des i red gradient  had not  
been achieved, adjustments were necessary. A f t e r  each ad jus t -  
ment, the j u n c t i o n  temperature and T-low were measured and the 
gradient  computed. This  procedure was i t e r a t e d  u n t i l  the de- 
s i r e d  gradient  was achieved w i t h i n  t IO"C/cm for gradients  o f  
700", 1475. and 1500°C/cm, and w i t h i n  -+ 15"C/cm f o r  a gradient  
o f  197!j°C/cm. For intended gradients  o ther  than 700°C/cm, ad- 
j u s t i n g  the cool ing-water f low through the rcount provided a 
means for achieving the desired gradient .  I f  the adjustment 
requi red was greater  than t h a t  provided by the cool ing-water 
f low or f o r  gradients  o f  7OO"C/cm, the thermocouple had t o  
be remounted w i t h  e i t h e r  a greater  o r  a lesser p r o j e c t i o n  o f  
the j u n c t i o n  beyond the mqunt, and steps 3 through 8 repeated. 

9. Thermocouple emf was m n i t o r e d  t o  determine when the thermo- 
couple achieved thermal s t a b i l i t y .  An opt ical-pyrometer mea- 
surement o f  j u n c t i o n  temperature was taken t o  prov ide an i n i -  
t i a l  c a l i b r a t i o n  f o r  the thermocouple. 

o f  time and adjustments i n  laser  power made i f  needed. I n  
some tests ,  p a r t i c u l a r l y  those w i t h  a j u n c t i o n  temperature o f  
2000°C and w i t h  gradients  o f  1975"C/cm, the j u n c t i o n  bead was 
p a r t i a l l y  eroded. I n  other  tests ,  heat ing o f  the j u n c t i o n  re-  
su l ted  i n  a bending o f  the thermocouple wi res w i t h  a consequent 
displacement o f  the j u n c t i o n .  These changes usua l ly  requi red 
e i t h e r  v e r t i c a l  o r  hor izon ta l  adjustment o f  the j u n c t i o n  posi-  
t i o n ,  o r  both. 

The operat ions o f  s tep 8 were repeated, except t h a t  no ad jus t -  
ment was made o f  the thermocouple p r o j e c t i o n  beyond the mount. 
Once a t e s t  was underway, t h i s  adjustment would have terminated 
the t e s t .  
coo l ing  adjustment ava i lab le ,  tended t o  be less s e n s i t i v e  t o  
p r o j e c t i o n  distance than tes ts  w i t h  more severe gradients ,  and 
there fore  the gradient  tended t o  remain w i t h i n  the given l i m i t s .  

[No lens 

10. Measurements o f  j u n c t i o n  temperature were taken a t  i n t e r v a l s  

1 1 .  

Tests w i t h  gradients o f  700"C/cm, w i t h  no water- 

I f  the change i n  thermocouple emf corresponded t o  an equivalent change i n  
j u n c t i o n  temperature o f  less than 2.0k, the t e s t  continued w i t h  i t e r a t i o n s  o f  
steps IO and 1 1 .  I f  the change i n  emf was equal t o  or  greater  than an equiva- 

I* 

I n  some instances i t  was necessary t o  focus the beam on the s ide o f  the conica l  
surface t o  achieve a temperature of  2000°C. 



2.0% change i n  j u n c t i o n  temperature. the t e s t  was terminated, as spec i f ied  
by the sponsor. 
couple exposure t o  heat ing or by thermocouple f a i l u r e .  
f o r  the t e s t  thermocouples were no t  continuous ( tha t  i s ,  not  longer than a 
seven-hour per iod) because o f  r e s t r i c t  ions imposed by laser  operat ion.  

The t e s t  was a l so  terminated a f t e r  200 hours o f  thermo- 
The heat ing per iods 

3.6 Surface and F i c r o s t r u c t u r a l  Examination and Chemical Analysis 

Mechanisms judged l i k e l y  t o  account f o r  c a l i b r a t i o n  changes i n  the thermo- 
couples tested i n  t h i s  work inc lude gross mechanical damage, r e s u l t i n g  from 
e x f o l i a t i o n  o f  surface layers and from hot-gas erosion; m ic ros t ruc tu ra l  
changes, duch as the format ion o f  new phases and boundaries; and chemical 
changes i n  alloy-component composition or micro-composition. 

Three types o f  examination End ana lys is  were suggested by these p o s s i b i l i t i e s :  
(1) Selected thermocouple junct ions,  w i t h  a few centimeters o f  component w i r e  
attached, were examined under a low-power microscope, w i t h  magni f icat ions on 
the order of IO t o  15X.  (2)  Specimens were prepared from some junc t i ons  and 
wires whose external  appearance or cond i t i on  suggested the p o s s i b i l i t y  o f  
i n te rna l  changes. These specimens were sectioned, pol ished, and etched us- 
ing  conventional me ta l l u rg i ca l  techniques and then examined i n  a me ta l l u rg i ca l  
microscope a t  intermediate magni f icat ions on the order  o f  1OOX. (3 )  As w i t h  
the s t a b i l i t y  study, an e lec t ron  microprobe was used t o  prov ide q u a n t i t a i i v e  
in format ion about a l l o y  composition and the presence of contaminants f o r  se- 
lected areas o f  some o f  the specimens s tud ied by microscope. The remarks 
given i n  2.6 concerning the c a l i b r a t i o n  o f  the microprobe instrument apply 
here a lso,  except t ha t  comparative measurepents were poss ib le  t o  0.1%. 

3.7 Results and I n t e r p r e t a t i o n  

3.7 .1  !l'hermoelectr*ic Observations - Table 5 presents a sununary of the cumu- 
l a t i v e  changes i n  thermoelect r ic  output w i t h  exposure t o  a j u n c t i o n  tempera- 
tu re  o f  1500°C and t o  e i t h e r  a "mild" gradient  o f  700°C/cm or t o  a "severe" 
gradient  o f  1475"C/cm i n  an o x i d i z i n g  atmosphere ( a i r )  for e igh t  plat inum- 
13% rhodium versus p la t inum thermocouples made from w i r e  diameters of 0.25, 
0.51, and 0 .81  nnn. Four thermocouple junc t ions  were o f  the s t i r r u p  conf ig -  
u ra t ion ,  and four were o f  the wedge conf igurat ion.  The data show t h a t  two 
o f  the thermocouples experienced emf changes corresponding t o  more than an 
equivalent 2.0% change i n  the j u n c t i o n  temperature. 

F igure 14 presents a comparison between the t e s t  performance of two plat inum- 
13% rhodium versus p la t inum thermocouples, one s t i r r u p ,  one wedge, a l i k e  i n  
a l l  respects other  than j u n c t i o n  conf igura t ion .  The t e s t  cond i t ions  were a 
j u n c t i o n  temperature o f  1500°C and a gradient  o f  1475"C/cm; w i r e  s i ze  was 
0.51 mm. 
couple experienced a continuous decrease i n  thermoelect r ic  emf a t  an aver- 
age r a t e  o f  0.5"C per hour (corresponding t o  an equiva lent  1.8% change i n  
the j u n c t i o n  temperature a f t e r  52 hours),  wh i le  the omf of the s t i r r u p  
thermocouple decreased about 0.2"C per hour f o r  the f i r s t  50 hours, and 
then decreased r a p i d l y  a t  about 2.4"C per hour f o r  the next 10 hours. A t  
60 hours, the emf had changed by '?e  equiva lent  o f  2.0% o f  the temperature. 

The p l o t s  are t y p i c a l  of  the r e s u l t s  i n  t h a t  the wedge thermo- 

The la rge r  emf i n s t a b i l i t y  exh ib i t ed  by the wedge thermocouple, compared t o  
tha t  o f  the s t i r r u p  thermocouple, may have resu l ted  from d i s s i m i l a r  tempera- 
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t u r e  p r o f i l e s  along the wi res f o r  the two conf igurat ions.*  
e f f e c t s  o f  convective heat ing,  the temperature gradient  was probably more 
severe near the water-cooled region o f  the wedge thermocouple as compared t o  
the respect ive gradient  for the s t i r r u p  thermocouple. Fol lowing the tes t ,  
impur i t ies  and v o l a t i l i z e d  mater ia ls  were observed on the thermocouple wi res 
a t  distances of approximately 0.7 t o  1.0 cm from the measuring j u n c t i o n  of  
both thermocouple conf igurat ions.  The presence o f  these contaminants may 
have contr ibuted t o  the greater  emf i n s t a b i l i t y  i n  the wedge thermocouple, 
s ince the gradieqt along the contaminated p o r t i o n  o f  t h i s  thermocouple was 
more severe than t l ,z gradient along the contaminated p o r t i o n  of the s t i r r u p  
thermocouple. S m a l l  f l u c t u a t i o n s ,  such as are shown i n  f i g u r e  14, may have 
resu l ted  from thermocouple i n s t a b i l i t i e s  as w e l l  as from experimental e r r o r .  

Table 6 presents the t e s t  r e s u l t s  from three platinum-13Z rpoditirn versus 
p la t inum thermocouples o f  d i f f e r e n t  w i r e  s izes exposed 20 a ji. on tern- 
perature of  I500"C and a gradient  o f  1475"C/cm i n  an o x i d i z i n  )sphere 
( a i r ) .  Each thermocouple was o f  the s t i r r u p  conf igurat ion.  ' ,:f o f  the 
thermocouple of  0.81-mm-diameter w i r e  d i d  no t  show f l u c t u a t i c n  
the equiva lent  o f  a change o f  6.8"C a f t e r  200 hours o f  heat ing,  except fo r  
t w o  dev iat ions corresponding t o  changes o f  11.3 and 8.6"C a t  25 and 30 hours, 
respect ive ly .  The thermocouple o f  0.51-mm-diameter w i r e  showed no major emf 
d r i f t  f o r  the f i r s t  50 hours, but  then showed a change Corresponding t o  ?1.2"C 
a f t e r  60 hours o f  heat ing.  The thermocouple of 0.25-m-diameter w i r e  Sllowed 
a d r i f t  o f  0.8"~ per hour u n t i l  f a i l u r e  a f t e r  34 hours. 
a t  34 hours was equiva lent  t o  26.2"C. For both j u n c t i o n  coof igurat ions,  the 
emfs  o f  thermocouples fabr ica ted  from smal ler  wires c o n s i s t e n t l y  changed more 
rap id ly  than the emfs o f  thermocouples fabr ica ted  from la rger  wires.  

Because of  the 

.sore than 

The ne t  emf change 

Figure 15 presents p l o t s  o f  the t e s t  performance o f  four  i r id ium-40% rhodium 
versus i r i d i u m  thermocouples fabr icated from 0.51-mm-diameter w i r e  and ex- 
posed t o  a j u n c t i o n  temperature o f  2000°C and t o  gradients  o f  7OO"C/cm (two 
thermocouples), 1500"C/cm (one thermocouple), and 1975"C/cm (one t h e r m -  
couple). 

One o f  the thermocouples (A)  exposed t o  the gradient  o f  700"C/cm behaved i n  
a pecu l ia r  manner not  t y p i c a l  of  others.  This thermocouple experienced a 
near ly  steady decrehse i n  thermoelect r ic  ,.utput, w i t h  the thermoelect r ic  
emf decreasing sharply before f a i l u r e ,  which occurred a t  the j u n c t i o n  center.  
The other  three thermocouples showed behavior s i m i l a r  t o  each other .  During 
the f i r s t  few hours o f  the t e s t ,  the emfs o f  these thermocouples increased 
r e l a t i v e  t o  the i n i t i a l  c a l i b r a t i o n .  Then some f l u c t u a t i o n  i n  output occurred 
around a more-or-less s t a b l e  value s i g n i f i c a n t l y  above the i n i t i a l  c a l i h r a t i o n ;  
and f i n a l  l y  the emfs decreased to  below the i r :  t i a l  c a l  i b r a t  ion value u n t i  1 
f a i l u r e  occurred. 

3.7. t' 
rdiotographs a t  a magn i f i ca t ion  o f  1 5 X  o f  the two thermocouples o f  f i g u r e  ' 4 .  

Surface, MicrostructoaI,  and C'hcmicaZ S t u d i e s  - Figure I6 presents 

.L 

"The gradient was intended t o  be the same f o r  both conf igurat ions.  
age gradient ca lcu la ted  from the measuring j u n c t i o n  t o  the water-cooled re- 
g ion was i n  f a c t  the same f o r  the two conf igura t ions  w i t h i n  thP L m i t s  o f  
experimental e r r o r ;  however, the rate-of-change o f  gradient  along the wi res 
d i f f e r e d  f o r  the two conf igura t ions .  

The aver- 
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The wedge-type thermocouple experienced more severe c r y s t a l l i z a t i o n  changes, 
as evidenced by the r e c r y s t a l l i z a t i o n  along the wi res leading from the junc- 
t i o n ,  although some r e c r y s t a l l i z a t i o n  may be detected on the s t i r r u p  wires 
also. 
less s tab le  thermoelect r ic  behavior o f  the wedge conf igurat ion.  

The greater  changes i n  c r y s t a l l i n e  s t r u c t u r e  may c o n t r i b u t e  t o  t h t  

Figures 17 and I 8  present miciographs ( a t  90x1 o f  specimens taken from t . , 
a l l o y  component ( f i g u r e  17) and the p la t inum component ( f i g u r e  18) ot  cI 

platinum-13% rhodium versus p la t inum ++ermocouple exposed t o  a j u n c t i c r i  
temperature of  1500°C and a gradient  o f  1475"C/cm. h i r e  diameter was C . r l  
mn. The ,exposure t ime before f a i l u r e  was 60 hours. The emf values o f  t h i s  
thermocouple are given i n  t a b l e  6. I n  each f igure,  photograph a shows a 
sect ion taken 1.0 cm from the j u n c t i o .  . b, 0.5 cm from the junc t ion ;  and c,  
0.05 cili from the junc t ion .  The tempe,dLzres a t  these p o i n t s  along the wiTes 
may be estimated to  be 25, 760, and 1425"C, r e s p w t i v e l y ,  asssuming a some- 
what l i n e a r  gradient .  The photographs o f  the specimens c loses t  t o  the junc- 
t ion show marked g r a i n  growth compared t o  the g r a i n  s i z e  I n  cooler  areas. 
There i s  no eviden,z of severe surface erosion. 

The a l l o y  component o f  t h i s  thermocouple was appropr ia te ly  sect ioned and 
analyzed w i t h  an e l e c t r o n  microprobe to  determine i f  composit ion changes 
had taken place. Table 7 gives the r e s d l t s  o f  two traverses, one l o n g i -  
tud ina l  l y  along the w i r e  extending from the j u n c t i o n  bead to approximately 
2.5 m away, the other ,  w i t h i n  a few micrometers o f  the bead across a 
radius s t a r t i n g  a t  the w i r e  surface and moving toward the w i r e  center,  w i t h  
one p o i n t  a t  the opposi te sur fzce f o r  comparison. A l s o  shown i n  t a b l e  7 
a re  two surface composition measurements made a t  the same t ime f r o m  an un- 
tested thermocouple. S i g n i f i c a n t  changes occurred i n  the composition of  
the a l l o y  component, w i t h  an e f f e c t i v e  p la t inum enrichment. The r a d i a l  
t raverse showed a continuous decrease i n  rhDdium content f r o m  the w i r e  cen- 
t e r  t o  the \.;ire surface, although the low concentrat ion o f  7.5% rhodium mea- 
sured a t  one surface ( a t  the s t a r t  o f  the t raverse) was not repeated a t  the  
opposi te surface (9.5%). 
12.6% rhodium content measured i n  the untested wire.  

Both valces represent a la rge  change from the 

A t  times dur ing the t e s t s  described i n  3.7.1 and f i g u r e  15 w i t h  i r id iu tn-  
40% rhodium versus i r i d i u m  thermocouples, a considerable amount o f  dark 
smoke was observed. Probably the smoke was evidence o f  s i g n i f i c a n t  i r i d i u m  
v o l a t i l i z a t i o n .  I f  i r i d i u m  were cont inuously l o s t  from the a l l o y  component, 
the thermocouple output might be expected t o  increase i n i t i a i l y ,  s t a b i l i z e  
for a shor t  per iod,  and then decrease ro below i t s  i n i t i a l  value, according 
t o  the p r e f e r e n t i a l - o x i d a t i o n  hypothesis discussed i n  connection w i t h  the 
s t a b i l i t y  study. The thermoelect r ic  emf changes shown i n  f i g u r e  15 for 
three thermocouples were, i n  general,  consonant w i t h  the predic ted 5rthavior. 
F a i l u r e  f o r  these thermocouples occurred i n  the i r i d i u m  component, c lose t o  
the junc t ion .  Figure 19 presents four  photographs a t  a magn i f i ca t ion  of 
12X o f  the components o f  t w o  o f  these thermocouples, one exposed to  L gra- 
d i e n t  o f  70O0C/cm, the o ther ,  t o  a oradient of 1975"C/cm. The j u n c t i o n  tem- 
perature was 2000°C. A l l  ph0tograp.s show that  the wi res had been sevqrely 
eroded near the junc t ion .  The photographs a l s o  show t h a t  cooler  por t ians  o f  
the w i r e  were covered w i t h  a dark, spiny deposi t .  Analysis o f  t h i s  deposi t  
showed that  i t s  major cons t i tuent  was i r id ium,  w i t h  t races o f  less than 1 %  
of rhodium, copper, aluminurv, and z inc.  

2 2  



3.8 Gradient Test Conclusions 

The fo l low ing  conclusions, based on r e s u l t s  t ; i th the l i m i t e d  number o f  
thermocouples tested, are presented f o r  the i n v e s t i g a t i o n  o f  the e f f e c t s  
o f  selected thermal gradients on thermocouple performance i n  an o x i d i z i n g  
atmosphere for t w o  thermocouple systems: 
platinum, and ir idium-40% rhodium versus i r id ium.  

platinum-13% rhodium versus 

1 .  The maximum c a l i b r a t i o n  s h i f t s  of some of the t e s t  
thermocouples were greater  than a corresponding change 
i n  the t e s t  temperature o f  2.0%. 

to be f u n c t i o n a l l y  dependent on w i r e  s ize,  j u n c t i o n  
temperature, and, t o  a lesser extent,  gradient  sever i ty .  
Thermocouples fabr ica ted  f r o m  la rger  wi res tend t o  change 
less and t o  have longer 1 i fe t imes compared t o  thermo- 
couples fabr icz red  from smaller wires. 

3 .  Thermocouples w i t h  s t i r r u p  conf igura t ion  tended to be more 
s tab le  w i t h  exposure to  a s p e c i f i c  gradient  than those 
w i t h  wedge conf igurat ion;  however, there was no s i g n i f i -  
cant d i f fe rence i n  l i f c t i m e .  

4. Observed thermoelect r ic  changes i n  thermocouples of  the 
system ir idium-40% rhodium versus i r i d i u m  are consonant 
w i t h  the p r e f e r e n t i a l - o x i d a t i o n  hypothesis. 

5. S ign i f i can t  s t r u c t u r a l  and chemical changes were observed 
near the j u n c t i o n  of  platinum-13% rhodium versus p la t inum 
thermoL 2uples. fleasdred rhodium deplet  ion amounted t o  as 
much as 43% a t  one s i t e  of  one specimen ( f rom 12.6% by 
weight t o  7.5%).  

2. C a l i b r a t i o n  changes and thermocouple l i f e t i m e  appear 

4. REMARKS AND RECOMMENDATIONS 

Inherent and severe problems e x i s t  i n  noble-metal thermocouple app l i ca t ions  
invo lv ing exposure o f  j u n c t i o n  and component wi res t o  high-temperature o x i -  
d i z i n g  environments. I n  p a r t i c u l a r ,  f o r  i r id ium-40% rhodium versus i r i d i u m  
thermocouples, these problems include lack of  thermoelect r ic  s t a b i l i t y ,  loss 
of mechanical s t rength as embrit t lement occurs, and shor t  l i f e t i m e  a t  h igh 
temperatures and w i t h  severe gradients present along Mires.  

Some of  these deleter ious e f fec ts  may be counteracted by operat ional  pro- 
cedures which minimize thermocouple exposure t o  adverse environments, but  
a more s a t i s f a c t o r y  s o l u t i o n  i s  required, espec ia l l y  f o r  the expanding f i e l d  
of  hot-gas measurements. 

Two l i nes  o f  a t tack  are proposed fo r  f u t u r e  work. 

I .  Protec t ive  coat ings c f f e r  a means f o r  s h i e l d i n g  thermocouple 
junc t ions  and wires ', 1 chemical a t tack,  such as preferen- 
t i a l  ox idat ion,  and trom mechanical erosion. Performance 
c r i t e r i a  for coat ings need t o  be developed, inc lud ing  con- 
ceptudl metho.ls o f  t e s t .  Experimental work would include 
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test-method development and evaluation of the ef fec-  
tiveness o f  spec i f ic  coatings. 

loyed) components would not be subject t o  thermoelectric 
i n s t a b i l i t y  because o f  preferent ia l  v o l a t i l i z a t i o n  o r  ox i -  
dation. Uork i s  required to  inves l lgate new thermocouple 
systems w i th  pure-element components o r  w i th  a l l oy  com- 
ponents that  are oxidation res is tant  a t  high temperatures. 

2. A thermocouple system having only pure-element (unal- 

The gradient study has also revealed the presence of serious problems for 
thermocouples o f  the systems studied i n  appl icat ions involving exposure 
i n  ox id iz ing  atmospheres to thermal gradients o f  the order developed i n  
the tests. The tes ts  indicate the presence of large s t ruc tu ra l  and com- 
pos i t ional  changes, but correlat ions between these changes and the emf 
s t a b i l i t y  of the thermocouples have not been demonstrated. The fol lowing 
fur ther  work i s  recomnended: 

3. Continue tests  w i th  enough thermocouples for each system, 
wi re size, and configuration t o  provide data fo r  reasonable 
s t a t i s t i c a l  evaluation. 

el iminate changes resu l t ing  from pre feren t ia l  oxidation. 
Other tes t  atmospheres may also be o f  in terest  w i th  re- 
spect t o  spec i f i c  thermocouple appl icat ions. 

4. Extend tests  to  include a non-oxidizing atmosphere to  
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0.81-m-Diameter Wire as a Function of Aging Time at 2000"C, 
1850°C. and 1700°C. 

Micrographs of Sectioned Iridium-40% Rhodium Component of a 
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Thermocouples Aged at 1850°C for 28 Hours. 
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Test Thermocouple Configurations, Stirrup and Wedge. 
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Figure 15 - Plots of Thermal EMFs of Four Thermocouples Fabricated 'ram 
0.51-mn-Diameter Wire and Exposed t o  a Junction Tempera, >re 
o f  2000°C and t o  Gradients o f  700"C/cm, 1500"C/cm, and 1375"C/cm. 

Figure 16 - Photographs a t  Magnif icat ion of 1 5 X  of Wedge-Configuration and 
Stirrup-Configuration Thermocouples Used a t  1500cC and a t  a Gra- 
d ient  of 1475"C/cm. 

Figure 17 - Micrographs of Sectioned Alloy Component o f  a Test Thermocouple 
Aged a t  1500°C and a t  a Gradient o f  1475"C/crn f o r  60 Hours. 

Figure 18 - Micrographs o f  Sectioned Platinum Component o f  a Test Thermo- 
couple Aged a t  1500°C and a t  a Gradient o f  1475"C/cm f o r  60 Hours. 

Figure 19 - Photographs a t  a Magnif icat ion o f  12X o f  Components o f  Two 
Thermocouples Aged a t  20OO0C and a t  Gradients of  1975"C/cm 
and 70O0C/cm. 
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TABLE 2 

STABILITY TESTS CONDUCTED 
(numbe- o f  tes t  thermocouples f o r  which data were successfully obtained) 

Wire Si re  (mn) 
1 

0.81 i 0.25 0.51 

Aging Temperature , 

("C) 

1700 ! ! 1 2 1 

1 
i 1 ! i 1850 

2000 i 1 I 1 

3 

1 

Note: A l l  tests were terminated by f a i l u r e  of e i ther  the reference 
thermocouple o r  the tes t  thermocouple, or  both. 
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TABLE 3 
COMPOSITION ANALYSIS OF IRIDIUM-40% RHODIUM SPECIMENS 
TAKEN FROM A THERMOCOUPLE MADE OF O.~~-IIUII-DIAMETER WIRE 

AND AGED FOR 359 HOURS AT 1700'C 

Specimen 
Descri p t  i on 

t I 

Shown i n  
Photograph 

Composition by Weight ( X )  
I r i d i u m  I Rhodium 

Unheated Reference 

Heated i n  A i r  - 
Near Junction 

Heated in A i r  - 
Uniform Zone 

Heated i n  A i r  - 
Grain Boundary 

Heated i n  t! i trogen 
Near Junction 

7 a  

7b 

7c 

7d 

60 

59 

58 

20 

61 

40 

39 

38 

75 

39 



TAELE 4 

GRADIENT TESTS CONDUCTED 

(number of thermocouples for  which data were successfully obtained) 

Thermocou p 1 e Platinum-13% Rhodium vs Platinum* Iridium-40% Rhodium vs Iridium* 
System 

Thennocoupl e 
Des i gn 

! 

Stirrup Wedge Stirrup . Wedge 

Wire size (mn) 0.25 0.51' 0.81 0.251 0.51' 0.81 0.51 0.51 

Grad i en t 
("C/cm) 

700 

1475 

1500 

1975 

* Junction temperature 15OOOC. 

*+ Junction temperature 2000°C. 
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?ABLE 6 

CALIBRATION CHANGES I N  PLAT INUM-132 RHODIUM VERSUS PLATINUM THERMOCOUPLES 
MADE I N  STIRRUP CONFIGURATION FROM THREE WIRE S I Z E S  AND EXPOSED TO A TEM- 

PERATURE GRADIENT OF 1475"C/m 

Tota l  Heating 

(hours) 

Equivalent Temperature Change*from I n i t i a l  Ca l ib ra t ion  
Time a t  1500°C ("C) 

Wire Diameter (nun) 
0.81 0.51 0.25 

0 
1 
5 

10 
15 
20 
25 
30 
34 
35 
40 
45 
50 
55 
60 
65 
70 
80 

100 
115 

180 
190 
202 

~ 

0.0 
- 0.2 
- 0.8 
- 1.8 - 3.6 
- 6.8 
-17.3 
- 8.6 

- 6.0 

- 4 . 2  
- 2.6 
- 2.? 

1.8 
- 0.6 
+ 0.2 
+ 1 . 4  
+ 2.8 
+ 2.4 
+ 6.8 
+ 5.6 
+ 2.9 
+ 2 . 3  

0.0 
+ 3 . 2  
+ 2.8 1 

----- 

0.0 
-11.8 
- 7.6 
- 6.0 - 8.4 
-12.4 
-16.4 
-14.0 

-13.5 
-12.4 

----- 

- 8.6 
-11.7 
-22 .o 
-31.2 

----- 

0.0 
- 2.5 
-10.4 - 6.0 
-14.6 
-20.4 
-22.8 

-26.2 
----- 
----- 

* + ind icates t h a t  thermocouple emf became greater than the i n i t i a l  
c a l i b r a t i o n  value a t  1500"C; - ind icates t h a t  thermocouple emf 
became less.  

Note: A change i n  c a l i b r a t i o n  o f  30°C i s  2.0% o f  the nominal j u n c t i o n  
temperature, 1500 'C.  
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140 
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80 

I I I I 
2o0 20 40 60 80 100 I20 
u 

AGING TIME AT 18!50°C (hours) 

FIGURE 4: PLOTS OF RELATIVE CHANGE I N  THERMAL EMF FOR THREE THERMO- 
COUPLES OF 3.21-MM-DIAMETER WIRE AS A FUNCTION OF AGING 
TIME AT lS5O0C, THE PLOTS ARE FOR CALIBRATIONS AT 1359"C, 
RELATIVE MANGE IN THERMAL EMF IS DEFIF~ED AS THE DIFFER- 
ENCE BETWEEN THE THERMAL EMFS OF THE TEST THERMOCOUPLE IN 
A I R  AND THE REFERENCE Ti-tERMOCOUPLE I N  NITROGEN THERMO- 
COUPLE SYSTEM! I R I D I U M  4% RH3DIUM VERSUS IR ID IUM,  
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I I I I I 

I I I i I 20 
0 2 4 6 8 IO 

AGING TIME AT 20OO0C (hour) 

FIGURE so PLOT OF RELATIVE CHdNGE I N  THERf4AL EMF OF A 
S I iiGLE THERMOCOUPLE OF 0 I 51-MM-DI AMCTER WIRE 
AS A FUNCTION OF 4GI;:G TIME AT ?8%?"cI 
PLOT IS 3 F  F IVE CALIZRATIOidS MADE AT 2UOO"C. 
RELATIVE CHANGE I N  THERKAL EMF IS 3EFIiqED AS 
THE DIFFERENCE BETWEEN THE THERMAL EMFS OF THE 
TEST TIIERIIOCOUPLE IN A I R  AND THE TEST-REFERENCE 

1 R I D I  UM-4ox !?HOI)I UM VERSUS I R I DI UM I 
38 

THE 

THERMOCOUPLE I Y NI TROGSN I TEERMOCOUPLE SYSTEM 
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-0 20 40 60 80 120 
AGING TIME AT 1850.C (hours) 

F I G U R E  6: P L 9 T S  OF CHANGES I N  C A L I B R A T I O N  (THERMAL EMF) 
9~ THREE THERMOCOUPLES OF WIRE SIZES (4 )  0.25, 

TI ME AT 1850" C . THE CALI  RAT I 071 TEMPERATURE WAS 
(B) 0.51, AND ( c )  OI8l MM A S  A F U N C T I O N  OF A G I N G  

ALSO 1850°C THERMOCOUPLE SYSTEM: I RID1 UM-4ox 
RHODIUM VERSUS IRIDIUM, 
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A - MICROMETER ADJUSTMENT 
8 - X-Y TRANSLATION STAGE 
C - THERMOCOUPLE PROBE 
D - WATER COOLED AREAS 
E - THERMOCOUPLE JUNCTION 
F - VIEWING WINDOW 
G - BEAM FOCUSING LENS 
H - SPLIT RING 
J -LASER BEAM ENTRANCE PORT 

' 6-CM. ' 

-A 

FIGURE 12: CROSS SECTION OF TEST CHAMBER USED I iJ  GRALIEYT 
STUDILS, THE CHAMBER IS DESCRIBED I N  DETAIL r r i  
THE TEXT, 3,3,1, 
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